INTRODUCTION
Superhydrophobicity has been an important area of research over decades and the interaction between a liquid and a textured surface has attracted much attention in the scientific communities and industries (Guo et al., 2011; Feng et al., 2002 Feng et al., , 2007 Gao et al., 2008; Feng and Jiang, 2006) . The development of artificial superhydrophobic surfaces has led to several technological advances such as self-cleaning surfaces (Verho et al., 2012) , anti-icing surfaces (Farhadi et al., 2011) , anti-fouling surfaces (Shirtcliffe and Roach, 2013) , and reduced-drag surfaces (Truesdell et al., 2006) . These functional surface properties have varied, important applications including the improved design of heat exchangers in power plants (Miljkovic and Wang, 2013) , the development of high-performance wetsuits (Naebe et al., 2013) , the formulation of pesticides which best adhere to natural surfaces (Massinon and Lebeau, 2012) , the creation of a special coating which minimizes the amount of accumulated ice for the surfaces of ships traveling to Antarctica (Makkonen, 2012) , etc. The characteristics of superhydrophobic surfaces are twofold: they are low-energy, water repellent surfaces covered by a hierarchy of microstructures.
For surfaces with microstructures, it is well known that two wetting states may exist: the Wenzel state (Wenzel, 1936) where the liquid completely fills the space between the pillars, and the Cassie-Baxter state (Cassie and Baxter, 1944) where the droplet effectively sits on the top of the micropillars with an air pocket underneath. In fact, the CassieBaxter state leads to a very low contact angle hysteresis and therefore a very slippery surface on which droplets are highly mobile, while the Wenzel state leads to a stickier surface where droplets are much harder to displace. The stable Cassie-Baxter state, the stable Wenzel state, and the transition between the two are predicted by the apparent contact angle and geometrical parameters of the pillars (Zu and Yan, 2016) . It was shown in Dupuis and Yeomans (2005) that during the transition, the spacing between pillars are filled from the center of the droplet outwards. Besides the Wenzel and the Cassie-Baxter states, an additional equilibrium state, named the impaled state, occurs for a small NOMENCLATURE e microscopic velocity (lu/ts) f k distribution function (mu/lu 3 ) f eq k equilibrium distribution function (mu/lu 3 ) F interparticle force (mu · lu/ts 2 ) G strength control parameter (-)
droplet on a rough hydrophobic surface as the droplet partially wets the texture but does not yet touch the substrate base (Gross et al., 2009) .
The dimensionless Reynolds number and Weber number, which balance the inertia force with the viscous force and the capillary force, respectively, are typically used for droplet impact phenomena and can influence wetting outcomes:
where ρµ, and σ are the density, kinematic viscosity, and surface tension of the liquid, respectively; R denotes the droplet radius; and V refers to the impact velocity. In addition to these dimensionless parameters, wetting outcomes of a drop impact on a patterned surface can be influenced by geometrical parameters (van der Veen et al., 2014) , pillar shapes and arrangements (Varnik et al., 2011) , and ambient pressure (Tsai et al., 2010) . Shahraz et al. (2013) noted that the wetting outcomes of a droplet deposited on a textured substrate are independent of the droplet size if the geometrical parameters are normalized by the droplet size. Most studies on the flow over microstructured surfaces have been involved with experiments or numerical simulations of a droplet impacting onto a fully pillared surface. Recently, Bormashenko (2015) reported an exhaustive review of the main experimental and theoretical efforts on the wetting transition on rough surfaces. A few studies about a liquid film or a droplet impact on a surface with a small obstacle or a pair of pillars have carried out (Sellier, 2015; Josserand et al., 2005; Ellis et al., 2011) . For instance, Sellier (2015) investigated numerically the influence of a solid occlusion on the morphology of the contact line of a liquid film which drains down on a vertical surface. He found that the presence of a sharp corner can trigger the wetting front separation. Also, the wetting front can be influenced by the occlusion wettability. Josserand et al. (2005) simulated a droplet impact on a small obstacle using the volume-of-fluid method and compared numerical results with experimental data. They reported that the splashing and jets which are well-known outcomes of droplet impact start at the liquid sheet and shoot upwards. Ellis et al. (2011) modeled the spreading of a droplet which moves over various rough surfaces such as a single step, a double step, a two-sided step, and a periodic structure. They concluded that the rate of spreading is decreased by the existence of surface roughness. Though a two-sided step has been modeled, the authors did not systematically investigate the role of the control parameters on droplet outcomes.
In spite of the large amount of recent interest in superhydrophobic surfaces, the wetting outcomes of an impact droplet on a pair of pillars has not been studied. However, the investigation of different behaviors of the wetting front in the presence of two occlusions can deepen our understanding of this phenomenon. For example, a question central to the determination of the superhydrophobic state of the surface is whether the water front penetrates both pillars and floods them or rather skims on top of the pillars and creates an air pocket, or if another outcome can be predicted. In fact, this paper focuses on how and under which conditions the contact line initially attached to the substrate is able to separate from topographical features. The lattice Boltzmann method which has provided a popular way to understand the motion of the contact line on sizable textures is our tool of choice for the investigation of the role of control parameters such as geometrical parameters, Weber number, and surface wettability on wetting outcomes.
This article aims to answer the above questions and also introduce a new wetting outcome which occurs during the interaction of the contact line with a pair of pillars. A better understanding of this process may help in the future design of man-made superhydrophobic surfaces. To reach this goal, we have developed a two-dimensional multiphase lattice Boltzmann code for simulating the impact and spreading of a droplet on a superhydrophobic surface with two pillars. The remainder of the paper is organized as follows. The next section describes the multiphase lattice Boltzmann method, and two validation cases including a static case and a dynamic case are presented to show the ability of the lattice Boltzmann method to model wetting phenomena. Then modeling results are presented and the wetting outcomes and the effects of the control parameters on the final state of the wetting are discussed. The final section presents concluding remarks.
NUMERICAL METHOD
The lattice Boltzmann method (LBM) has emerged as a mesoscopic approach for modeling multiphase flows and interfacial dynamics problems. The main idea behind the LBM is to solve the Boltzmann transport equation for a particle distribution function f (x, e, t) at time t, location x, with a microscopic velocity e. The distribution function represents the property and the behavior of the particle collection. This methodology consists of a streaming step which models the particle distribution advection along the lattice link and a collision step which models the rate of change in the particle distribution. The discretized Boltzmann equation can be written as (Mohamad, 2011) :
Equation (3) is based on the Bhatnagar-Gross-Krook (BGK) approximation and e k denotes the discrete microscopic velocity. In this work, we choose the D2Q9 model which has nine velocity vectors such that k = 0, ..., 8 in two dimensions. τ represents the relaxation time which is related to the kinematic viscosity by υ = (τ − 0.5)/3. Moreover, f eq k denotes the equilibrium distribution function which for the D2Q9 model is defined as 6, 7, 8 . The macroscopic moments can be obtained as
To consider the interaction between fluid-fluid and solid-fluid, the single-component multiphase (SCMP) ShanChen (SC) model (Shan and Chen, 1994 ) is implemented. In the SCMP model, incorporating the forcing term into the correlated lattice Boltzmann equation changes the equation of state (EOS) from an ideal gas to a nonideal and nonmonotonic one. The interparticle force is given by
where G is a strength control parameter of the force and ψ denotes an interaction potential which for the D2Q9 model can be determined as (Yuan and Schaefer, 2006 )
where P denotes the thermodynamics pressure. The Carnahan and Starling (C-S) EOS is applied to obtain the pressure-density relation and this can be written as
where T denotes the temperature and is equal to T = T 0 T C , where T C = (0.3773a)/(bc). Following Yuan and Schafer (2006) : a = 1 lu 5 /(mu · ts 2 ), b = 4 lu 3 /mu, and c = 1 lu 2 /(ts 2 · tu).
Furthermore, the interparticle force contributes to a fluid particles momentum F τ. The momentum can reach an equilibrium state ρu eq after ∆t = τ where u eq denotes the equilibrium velocity and replaces with u in Eq. (4) to calculate the equilibrium distribution function in the collision step. The equilibrium velocity is calculated as (Huang et al., 2015) 
A FORTRAN code has been developed in two dimensions to implement the SCMP model discussed in the above section. The numerical algorithm which is summarized in Fig. 1 begins by initializing parameters of the discrete velocity model and variables. Moreover, lattice positions occupied by solid or fluid nodes are defined.
The main loop of the algorithm involves the collision step f
and the streaming step f
. The no-slip boundary condition at the solid-liquid interface is applied by imposing a bounceback condition in the collision step because it is particularly simple and efficient. Periodic boundary conditions are applied on the lateral sides of the bounding box. Then, the macroscopic properties and the interaction forces between the solid and fluid nodes (adhesive force) and between fluid nodes (cohesive force) are calculated. The interaction with solid nodes can simply be obtained in the SCMP model by giving an artificial wall density ρ w to solid nodes with a value between the densities of the liquid phase ρ l and the gas phase ρ g (Benzi et al., 2006) . With the aid of these interaction forces, the equilibrium velocity is determined and then the equilibrium distribution function is updated by this velocity in the collision step. Finally, the density contours are plotted to represent the behavior of the droplet impacting on the textured substrate. During the simulations, default values of the relaxation time, gas density, and liquid density are 1, 0.0285 mu/lu
FIG. 1:
Lattice Boltzmann algorithm flowchart. The discrete velocity model which is implemented in this algorithm is D2Q9. The collision step calculates f eq k and updates f k and the streaming step propagates and updates f k . Boundary conditions consist of the bounce-back for solid-fluid interfaces and periodic boundary conditions for lateral sides. To obtain interaction forces, the Shan-Chen model (Shan and Chen, 1994 ) is applied.
VALIDATION

Static Case
The modeling of the static contact angle on a smooth surface is first carried out as a validation case. Various contact angles based on the Young equation can be achieved numerically through adjusting the parameter ρ w . In simulations, the size of the computational domain is 300 lu by 60 lu and the radius of the droplet is 20 lu. Initially, the liquid droplet is in contact with the surface. After reaching an equilibrium state, the static contact angle is measured manually with a protractor. The results for the droplet with different angles 145°, 110°, 90°, and 60°are shown in Fig. 2 .
We now compare the equilibrium contact angle predicted by the numerical simulation with the analytical solution which was reported by Benzi et al. (2006) . The authors estimated analytically the contact angle in terms of ρ w by taking the integral of the density profile along the solid-gas, solid-liquid, and liquid-gas interfaces. They also compared this relation with their numerical results in Fig. 3 of their manuscript.
Since ρ w is an artificial parameter in the SCMP model, we choose here to represent the results using a normalized surface affinity parameter which is more physical and can be defined as (Ellis et al., 2011) 
where η = 0 (no affinity) and η = 1 (high affinity) correspond to the equilibrium contact angles of 0°and 180°, respectively. 
Interfacial Phenomena and Heat Transfer
In order to check the correct implementation of the algorithm, an out-of-equilibrium droplet was allowed to spread and reach its own equilibrium configuration spontaneously. The corresponding equilibrium contact angle was then measured and compared to the predictions of Benzi et al. (2006) . Figure 3 compares the equilibrium contact angle-affinity curve (θ vs η) obtained numerically from the simulations to the analytical solution of Benzi et al. (2006) (see Fig. 3 of their paper) for the parameter set stated earlier. The graph shows that for both cases, the equilibrium contact angle decreases when the wall density increases, which corresponds to an increase of the affinity parameter. It can be seen that good agreement is found between the numerical and analytical results. The nonsmooth nature of the curve for the numerical results is attributed to the uncertainty associated with measuring the contact angle with a protractor. Note that a similar rugged curve is observed in the numerical results of Benzi et al. (2006) .
Dynamic Case
The maximum spreading radius R max is a significant measurable outcome of a drop impact onto a solid surface (Clanet et al., 2004; Kim et al., 2013; Bormashenko, 2015) . This parameter can be normalized with the initial drop radius as follows:
Scheller and Bousfield (1995) developed an empirical relationship based on the Reynolds and Weber numbers to predict the maximum spreading factor R * :
As a dynamic validation case, we have simulated the impact of a droplet with an initial radius (R = 32.5 lu) on a smooth solid surface for a range of velocities (40 ≤ Re ≤ 155) and calculated the maximum spreading radius. We have then compared our numerical results with the above correlation. The comparison is shown in Fig. 4 . It can be seen that good agreement is found between the numerical results and Scheller and Bousfield's correlation. The maximum error of 8.47% occurs for the largest tested Reynolds number of 155.
FIG. 4:
Comparison between the maximum spreading factor computed numerically (line with dots) and Scheller and Bousfield (1995) 
RESULTS AND DISCUSSION
We consider here a droplet with a given initial radius R = 50 lu and an initial velocity V which impacts in the middle of the gap S between two pillars. The substrate with a pair of pillars is shown in Fig. 5 . Both pillars have a rectangular shape with height H and width W and the equilibrium contact angle is set at 110°. The geometrical parameters can be made dimensionless by normalizing them with the droplet diameter (2R). Simulations are run with various geometrical parameters and impact velocities with the aim to investigate the influence of control parameters on the behavior of the wetting front.
Effect of Geometrical Parameters
In this section, the pillar spacing and width are first varied while the aspect ratio W /H and spacing ratio S/W remain constant at unity. The impact velocity is also kept constant such that We = 50. Also to simplify the discussions, let us define a normalized distance between the pillars (α = S/2R), a normalized pillar width (β = W/2R), a normalized pillar height (γ = h/2R), and a normalized pattern extent (ε = (2W + S)/2R). With these definitions in mind, four different cases are given in Table 1 . Figure 6 shows simulation results for the final equilibrium state for the four cases. In the first case, the droplet is resting on the pillars and an air pocket is entrapped below the droplet which corresponds to the definition of the Cassie-Baxter state. It is observed that the Wenzel state occurs in the second case for which the liquid completely fills the space between the two pillars from the middle of the droplet like the mushroom state (Ishino and Okumura, 2008) .
In cases 3 and 4, the droplet wets the substrate while an air pocket appears directly under the droplet in the spacing between the two pillars. This state, which is neither characterized by the Wenzel state nor the Cassie-Baxter one, is labeled the "engulfed state" henceforth. In fact, the engulfed state is supported by this fact that the wetting FIG. 5: Geometry and notations for the simulations. The droplet impacts on a substrate with a pair of pillars. R denotes the initial droplet radius and V the impact velocity. H, W , and S are the geometrical parameters which denote the pillar height, the pillar width, and the spacing between them, respectively. front which initially wets the substrate is able to separate only on the spacing between pillars and create an air pocket like the Cassie-Baxter state, but it is still wetting the outer parts of the substrate. We next investigate under which conditions the different equilibrium wetting states occur. To investigate the effect of the textured surface on the outcomes, the simulation is extended for a wide range of geometric parameters. The aspect ratio of the pillar is unity and the impact velocity is fixed as previously. α is chosen in the range between 0.05 and 0.2 in 0.05 increments and the spacing ratio is not unity. The simulation results are plotted in Fig. 7 . It can be seen that the Cassie-Baxter state occurs as ε exceeds 0.5. When this factor is less than 0.5, other states are observed. The engulfed state exists as α is small, for example, 0.05 and 0.1. The Wenzel state happens for α = 0.15 and α = 0.2.
Moreover, as shown in Fig. 8 , if α has a value which is greater than a threshold value it appears that the wetting state can switch from the Cassie-Baxter state to the Wenzel state. For example, this threshold value is 0.62 when β = γ = 0.2. In other words, we have the Cassie and Baxter state from α = 0.08 until α = 0.61 [ Fig. 8(a) ] but the state changes to the Wenzel state as this value exceeds 0.62 [ Fig. 8(b) ].
The effect of the pillar height is also important. In order to focus the discussion, the spacing ratio is next set to unity and the aspect ratio is varied in the following. The simulation results are depicted in Fig. 9 . We observed that the state of the wetting is not significantly influenced by the height of the pillar if ε is less than 0.5. In other words,
FIG. 7:
Influence of the normalized distance between the pillars (α = S/2R) and the normalized pattern extent (ε = (2W + S)/2R) on the wetting outcomes. Three different wetting outcomes are observed: the engulfed state, the Wenzel state, and the Cassie-Baxter state, which are illustrated by a diamond, square, and triangle, respectively. when α and β are chosen in the range between 0.05 and 0.15 the wetting outcome is not changed by increasing or decreasing the height of the pillars. However, it is observed that for α = β = 0.2, the outcome depends on the height of the pillars. It means that the Cassie-Baxter state is obtained as γ has a value from 0.15 to 0.25. If γ is less than 0.15, the mushroom Wenzel state is observed and whenever this value is equal to or greater than 0.29, the engulfed state occurs. It should be mentioned that a nonsymmetric state occurs for γ = 0.26, 0.27, and 0.28. In these cases either the droplet does not have a symmetric profile (γ = 0.26) or the droplet does not sit on the pillars completely (γ = 0.27 and 0.28).
Effect of the Weber Number
Beside the geometrical parameters, the impact velocity has a significant impact on the wetting outcomes. We now simulate the droplet impact on the four different substrates described in Table 1 for a wide range of the Weber number. To keep the discussion simple, the aspect ratio and spacing ratio are kept to unity and therefore the width, height, and spacing values are equal. The Weber number is varied by changing the impact velocity. Droplet breakup can be observed when the Weber number increases. With an increase of the impact velocity, the thickness of the lamella reduces, which leads to the rupture in the liquid film (Dhiman and Chandra, 2010) . In our cases, a thin neck forms between the pillars after impact (see left panel of Fig. 10 ). As the spreading continues, this neck thins further until it breaks up leading to two or more disconnected satellite droplets (see right panel of Fig. 10 ).
The simulation results for different Weber numbers and geometrical parameters (α and β) are summarized in a regime map shown in Fig. 11 . This map helps predict the whole range of possible wetting states, which are the engulfed, Wenzel, Cassie-Baxter, and breakup states. It can be seen that the substrate parameters (α and β) play an important role in the wetting outcomes. For pillars with α and β equal 0.05 and 0.1, only two states are possible: the engulfed state for small Weber number followed by breakup for larger Weber numbers. The threshold Weber number between the two states is very close for α and β equal to 0.05 and 0.1. When α and β increase to 0.15 and 0.2, the Wenzel state happens first for low Weber number followed by the Cassie-Baxter state and breakup for increasing Weber numbers. The threshold between Cassie-Baxter and breakup occurs for larger Weber number for α = β = 0.15 when compared to α = β = 0.2. When α = β = 0.15, the droplet is able to spread after impact and recoil to sit on top of the pillar pair. On the other hand, when α = β = 0.2, as the droplet spreads, the lamella above the pillars thins to the extent that breakup occurs more readily, hence the lower Weber number threshold. It is also worth noting that the dynamics of spreading and droplet breakup can also be affected by the air flow beneath the droplet because the breakup state occurs only when an air pocket has been created under the droplet. In other words, with increasing Weber number, the breakup state cannot been observed directly from the Wenzel state while the breakup happens for the engulfed and Cassie-Baxter states for which an air pocket exists in the spacing between two pillars.
Effect of Substrate Wettability
Finally, we investigate the influence of substrate wettability on the wetting front. The same geometrical parameters and conditions presented in Section 4.1 are considered and only the equilibrium contact angle is varied. For a hydrophilic surface with a contact angle of 60°, the wetting state for which the lamina spreads over the pillars, touches, and wets the surface is observed. The same outcome also takes place as the contact angle increases to 90°for all α and β values except for α = β = 0.05 when the engulfed state occurs. A key conclusion of these results is that the wetting outcome does not appear to be influenced by the pillar width and spacing when the substrate is hydrophilic or superhydrophobic.
CONCLUSIONS
This study has presented numerical simulation for the impact of a droplet on a surface with a pair of pillars using the multiphase lattice Boltzmann method based on the single-component multiphase Shan-Chen model. The validation part of this work has shown that equilibrium states on a smooth surface are correctly predicted. Besides, as a dynamic validation case, the maximum spreading radius of a drop impacting on a flat surface has been simulated and good agreement has been found between the current simulation and Scheller and Bousfield's correlation (Scheller and Bousfield, 1995) . The influence of the pillar pair geometric parameters such as the normalized distance between the pillars (α = S/2R), the normalized pillar width (β = W/2R), the normalized pillar height (γ = h/2R), and the normalized pattern extent (ε = (2W + S)/2R) on the droplet wetting outcome has been investigated. Simulation results have demonstrated that the Cassie-Baxter state occurs only as ε becomes sufficiently large and also α has a value which is lower than a threshold value. Simulations also revealed the engulfed state as another possible wetting regime whenα and β are small enough. In the engulfed state, the droplet wets both sides of the pillars but an air pocket exists between the two pillars. Moreover, the outcome is not significantly influenced by the pillar height for small values of ε.
In addition to geometrical parameters, the effect of the impact velocity was investigated. We have plotted a regime map of the different wetting outcomes for different Weber numbers and geometrical parameters. We have found that geometrical parameters play an essential role in the spreading and occurrence of droplet breakup as well as the air bubble beneath the droplet. As a consequence, the breakup state took place as an air bubble was trapped beneath the droplet. Finally, we have shown that substrate wettability strongly affects wetting outcomes. For a hydrophilic surface or a superhydrophobic surface, the width and spacing of the pillars did not affect the wetting outcome in the range of parameters considered.
